Hypoxia/reoxygenation is an important cause of tissue injury in a variety of organs and is classically considered to be a necrotic form ofcell death. We examined the role of endonuclease activation, considered a characteristic feature of apoptosis, in hypoxia/reoxygenation injury. We demonstrate that subjecting rat renal proximal tubules to hypoxia/reoxygenation results in DNA strand breaks and DNA fragmentation (both by an in situ technique and by agarose gel electrophoresis), which precedes cell death. Hypoxia/reoxygenation resulted in an increase in DNA-degrading activity with an apparent molecular mass of 15 kDa on a substrate gel. This DNA-degrading activity was entirely calcium dependent and was blocked by the endonuclease inhibitor aurintricarboxylic acid. The protein extract from tubules subjected to hypoxia/reoxygenation cleaved intact nuclear DNA obtained from normal proximal tubules into small fragments, which further supports the presence of endonuclease activity. Despite unequivocal evidence of endonuclease activation, the morphologic features of apoptosis, including chromatin condensation, were not observed by light and electron microscopy. Endonuclease inhibitors, aurintricarboxylic acid and Evans blue, provided complete protection against DNA damage induced by hypoxia/reoxygenation but only partial protection against cell death. Taken together, our data provide strong evidence for a role ofendonuclease activation as an early event, which is entirely responsible for the DNA damage and partially responsible for the cell death that occurs during hypoxia/reoxygenation injury. Our data also indicate that in hypoxia/reoxygenation injury endonuclease activation and DNA fragmentation occur without the morphological features of apoptosis.
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Complete or partial cessation followed by restoration of blood flow is a -serious event that affects many organs and is particularly common in the heart, the brain, and the kidney (1) (2) (3) (4) (5) . Ischemia/reperfusion in vivo and hypoxia/reoxygenation in vitro are classically considered to result in a necrotic form of cell death in which there is rapid collapse of internal homeostasis of the cell (6-8) associated with membrane lysis and inflammation (9) . In contrast, apoptosis, or programmed cell death, is considered operationally, morphologically, and biochemically distinct from necrotic cell death (6, 10) and is a process in which the cell actively participates in its own demise. Apoptosis is characterized by several early morphological alterations, including plasma membrane blebbing and chromatin condensation (11, 12) . Endogenous endonuclease activation, resulting in the cleavage of host chromatin into oligonucleosome-length DNA fragments, has been considered a characteristic biochemical marker for apoptosis (13, 14) . In the present study we examined the role of endonuclease activation as an early event responsible for DNA damage and/or cell death in hypoxia/reoxygenation injury to isolated rat renal proximal tubules. We also examined the relationship between DNA fragmentation and the histologic features of apoptosis in hypoxia/reoxygenation injury.
MATERIALS AND METHODS
Proximal tubules from kidneys of male Sprague-Dawley rats (250-300 g) were isolated by Percoll density gradients as described (15) with minor modifications described in our previous study (16) and had respiratory parameters similar to previous studies (17) . Each experiment was initiated with a 30-min preequilibration of the tubule suspension at 37°C bubbled with 95% 02/5% CO2. Hypoxia was achieved by gassing with 95% N2/5% CO2, and reoxygenation was attained by reintroducing 95% 02/5% CO2 at 37C in a shaker bath. Control tubules were maintained under 95% 02/5% C02. Cell death was measured by lactate dehydrogenase release as described (15) .
The residual double-stranded DNA was measured by the alkaline unwinding assay, and determination of ethidium bromide fluorescence was as described (18) (19) (20) (21) . For detection of DNA fragmentation, the cells were lysed with a buffer containing 0.5% Triton X-100, 10 mM Tris HCl, and 20 mM EDTA, to prevent DNA fragmentation during isolation (22) . We further verified our results by utilizing another method (23) , which includes 1 M NaCl and in which we included 100 mM EDTA in the buffer (data not shown). Fragmented DNA was obtained by centrifugation at 13,000 x g for 20 min as described (20, 24) and subjected to electrophoresis, and then the gel was incubated with RNase A (20 gg/ml) at 37°C for 4 hr before staining with ethidium bromide.
In situ assay for DNA fragmentation was performed using terminal deoxynucleotidyltransferase (0.3 unit/ml; Oncor) and biotinylated dUTP as described (25) . Endonuclease activity was detected by SDS/PAGE containing heat-denatured (100°C for 10 min) calf thymus DNA at 10 ,ug/ml as described (26) . Intact nuclei were isolated from control tubules by sucrose gradients (27) Results are means ± SE (n = 7). *, P < 0.02 and **, P < 0.0001 compared with the time control; t, P < 0.02 compared with hypoxia alone. C, control; H, hypoxia; H/R, hypoxia/reoxygenation; LDH, lactate dehydrogenase.
by 30 min of reoxygenation compared to its own time control (Fig. 1B) , indicating that the DNA damage clearly precedes cell death.
Hypoxia alone or hypoxia/reoxygenation caused DNA fragmentation (multiples of 180 bp) in a time-dependent manner ( Fig. 2 A and Using SDS/polyacrylamide substrate gel electrophoresis with denatured DNA as the substrate, we demonstrated a significant increase in DNA-degrading activity in proximal tubules ( Fig. 2 C and D) subjected to hypoxia alone or hypoxia/reoxygenation as compared to the control. The DNAdegrading activity had an apparent molecular mass of 15 kDa (Fig. 2C) , was entirely calcium dependent, and was blocked by the endonuclease inhibitor aurintricarboxylic acid (Fig. 2D) .
The protein extract from tubules subjected to hypoxia/ reoxygenation cleaved intact nuclear DNA obtained from normal proximal tubules into small fragments (Fig. 2E) , which further supports the presence of endonuclease activity. The calcium ionophore ionomycin caused a significant increase in this endonuclease activity in proximal tubules (data not shown). Taken together, these data indicate that hypoxia alone or hypoxia/reoxygenation results in an increase in a 15-kDa calcium-dependent endonuclease activity in proximal tubules.
Because of unequivocal evidence of endonuclease activation, considered an early and a key biochemical marker for ; ; S | < . ê ' . > Ŵ a s -# { + e W * -% F < * C22, e*-RJ 2*S eS>9i!>2 I apoptosis, we also carried out morphological studies at similar time points. No evidence of apoptosis (nuclear chromatin condensation, cell shrinkage, cytoplasmic budding, etc.) was seen under light microscopy in serial sections of tubules exposed to 30 min of hypoxia and varying times (30 min, 60 min, and 4 hr) of reoxygenation (Fig. 3A) . To detect the earliest features of apoptosis and necrosis, proximal tubules exposed to 15 and 30 min of hypoxia followed by 0 or 30 min of reoxygenation were examined by electron microscopy. No evidence of apoptotic cell death was seen in any of the sections. The nuclear chromatin was not densely aggregated onto one segment of the nuclear membrane (an early ultrastructural change seen in apoptosis). In addition, the cytoplasm showed no condensation or fragmentation, and no apoptotic bodies were seen extracellularly, extruded into the tubular lumen, or as phagocytized structures in tubular epithelial cells (Fig. 3B) . Ultrastructural changes consistent with early evidence of necrosis were seen in occasional cells from tubules exposed to 15 min of hypoxia (Fig. 3B) . Similar changes were seen in tubules exposed to 30 min of hypoxia and tubules exposed to 15 or 30 min of hypoxia and 30 min of reoxygenation.
To provide further evidence that DNA fragmentation was indeed present at a time when no morphological features of apoptosis were present, an in situ assay for DNA fragmentation was performed (25) . Control tubules contained 3 ± 1 positive nuclei (staining dense black) per hundred cells (Fig. 3C) , whereas tubules subjected to 30 min of hypoxia and 60 min of reoxygenation showed a marked increase to 21 ± 3 positive nuclei (n = 4, P < 0.001) (Fig. 3D) . Taken together, these data demonstrate unequivocal evidence of endonuclease activation without morphological evidence of apoptosis.
Aurintricarboxylic acid and Evans blue have been shown to inhibit endogenous endonuclease activity and have been utilized to delineate a role for endonucleases in DNA damage (20, (28) (29) (30) (31) . The endonuclease inhibitor aurintricarboxylic acid provided almost complete protection against 30 min of hypoxia and 30 min of reoxygenation-induced DNA strand breaks in proximal tubules (Fig. 4A) . In contrast, fuchsin acid, a structural analog of aurintricarboxylic acid with little nuclease inhibitory activity (29), did not have any protective effect. Aurintricarboxylic acid provided significant but only partial protection against hypoxia/reoxygenation-induced cell death (Fig. 4B) , whereas fuchsin acid was without effect. Evans blue, another endonuclease inhibitor, also provided complete protection against hypoxia/reoxygenation-induced DNA damage (Fig. 4C) and partial protection against cell death in proximal tubules (Fig. 4D) . When proximal tubules treated with the same endonuclease inhibitors were exposed to a shorter period of hypoxia (15 min) followed by reoxygenation (30 min), similar marked protection against DNA damage and a greater protection against cell death were achieved (data not shown).
DISCUSSION
Hypoxia/reoxygenation is an important cause of tissue injury in a variety of organs and is classically considered to be a necrotic form of cell death. In a recent in vivo study of ischemia/reperfusion to kidney, DNA fragmentation in the kidney cortex was detected 12 hr after reperfusion (32) . Although this demonstrates that this form of DNA damage occurs in vivo, it is not known whether the DNA damage is the result of cell death or is an early event prior to loss of cell viability. In addition, the role of endonuclease activation in the DNA damage or cell death in hypoxia/reoxygenation injury has not been previously examined. The four major points derived from the data in this study are as follows. First, DNA damage is a very early event in hypoxia/reoxygenation injury and clearly precedes any evidence of cell death. Second, our data provide compelling evidence for endonuclease activation in hypoxia/reoxygenation injury. This evidence includes demonstration of DNA fragmentation by agarose gel electrophoresis as well as by an in situ method; an increase in DNAdegrading activity on a substrate gel that is calcium dependent, is inhibited by an endonuclease inhibitor, and has an apparent molecular mass of 15 kDa; and cleavage of nuclear DNA obtained from normal tubules into small oligonucleosomelength fragments by protein extract from tubules subjected to hypoxia/reoxygenation. Third, we show that endonuclease activation is entirely responsible for all the DNA damage and partially responsible for the cell death that occurs during hypoxia/reoxygenation injury. Fourth, despite unequivocal evidence for endonuclease activation, considered a characteristic early feature of the apoptotic mode of cell death, there were no morphological features typical of apoptosis by either light or electron microscopy.
Endonuclease activation is considered a hallmark of apoptosis and is frequently used as the sole criteria for its detection (33) . Cells undergoing apoptosis show a sequence of cardinal morphological features including membrane blebbing, cellular shrinkage, and condensation and margination of nuclear chromatin. Endonuclease activation is one of the earliest events observed during apoptosis, and it is generally assumed that both the biochemical and morphological features of apoptosis depend on the activation of an endonuclease (12) . Despite overwhelming evidence for endonuclease activation, we did not detect any of the characteristic morphological features of apoptosis by light and electron microscopy. It is unlikely that this finding in our study may be due to the transient nature of apoptotic morphological change (6, 9, 25, 34) because we examined for the morphological change of apoptosis during variable periods of hypoxia (15-30 min) followed by periods of reoxygenation (30 min to 4 hr). In addition, using an in situ assay, we demonstrated DNA fragmentation at the same time points at which morphological features of apoptosis were lacking. As noted above, DNA fragmentation by agarose gel electrophoresis and an increase in endonuclease activity were also demonstrated at the same time points. Our data thus indicate that despite unequivocal evidence of endonuclease activation in hypoxia/reoxygenation injury, the morphologic features of apoptosis were not observed at the same time points. Recent findings indicate that DNA fragmentation and chromatin condensation may be triggered through separate metabolic pathways (33, 35, 36) .
The importance of the endonuclease activation in DNA damage and cell death was examined by utilizing endonuclease inhibitors. Endonuclease inhibitors provided almost complete protection against DNA damage and partial protection against cell death, especially after a longer period of hypoxia/reoxygenation. The partial protection against cell death provided by the endonuclease inhibitors suggests that in addition to endonuclease activation, other mechanisms including necrosis are likely to participate in cell death (33, 37) during longer periods of hypoxia/reoxygenation. The traditional view that ischemia/ reperfusion or hypoxia/reoxygenation leads to a necrotic form of cell death may be reconciled with our findings of endonuclease activation, considered characteristic of the apoptotic mode of cell death. It is likely that when the degree of ischemia is very severe, the tissue exhibits a necrotic form of cell death; when it is mild, the cells undergo complete repair. However, with moderate-tosevere injury, when the damage is such that complete repair cannot be accomplished, the cell initiates a cascade of events that leads to endonuclease-mediated cell injury.
